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Atomic many-body phase transitions and quantum criticality have recently attracted much atten-
tion in non-standard optical lattices. Here we perform an experimental study of finite-temperature
superfluid transition of bosonic atoms confined in a three dimensional triangular lattice, whose struc-
ture can be continuously deformed to dimensional crossover regions including quasi-one and two di-
mensions. This non-standard lattice system provides a versatile platform to investigate many-body
correlated phases. For the three dimensional case, we find that the finite temperature superfluid
transition agrees quantitatively with the Gutzwiller mean field theory prediction, whereas tuning
towards reduced dimensional cases, both quantum and thermal fluctuation effects are more dra-
matic, and the experimental measurement for the critical point becomes strongly deviated from the
mean field theory. We characterize the fluctuation effects in the whole dimension crossover pro-
cess. Our experimental results imply strong many-body correlations in the system beyond mean
field description, paving a way to study quantum criticality near Mott-superfluid transition in finite
temperature dimension-crossover lattices.
Introduction.— Phase transition, a ubiquitous con-
cept in many-body physics, has long been a central sub-
ject in the study of condensed matter physics, describ-
ing a broad range of phenomena from superconductivity,
magnetism, to Bose-Einstein condensation. With recent
experimental developments, ultracold atoms in optical
lattices have become a fascinating platform to explore
quantum phase transitions with control and tuning ca-
pability unreachable in conventional systems [1, 2]. Both
fermionic and bosonic Hubbard models previously pro-
posed as theoretical toy models to study strongly corre-
lated physics in solid state systems, have now been pre-
cisely implemented by confining alkali atoms in optical
lattices [1–13]. For the former, experimental efforts have
been largely focused on the finite-temperature physics for
the experimental challenge to reach the zero-temperature
quantum ground states [8, 9, 14–19]. For the latter, the
ground state superfluid phase and the Mott-superfluid
transition, have been accomplished in optical lattices of
different dimensionality and geometries [6, 20–27]. It has
been found that this phase transition is qualitatively cap-
tured by a Gutzwiller-type mean field theory [28].
For a finite temperature system near a quantum phase
transition point, it is well known that thermal fluctu-
ations play essential roles in characterizing the relevant
physical properties, leading to a wide quantum critical re-
gion [29, 30] potentially of deep connections to the under-
standing of high Tc superconductivity [31] mechanism.
Finite temperature effects near a Mott-superfluid tran-
sition have been explored in theory [3, 32–36], but the
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experimental studies are relatively scarce [37–39]. The
temperature effects are particularly intricate for optical
lattices undergoing a dimension crossover, where ther-
mal fluctuations intertwine with quantum kinematics.
For such systems, renormalization group analysis implies
strong fluctuation effects and inapplicability of mean field
theories even at a qualitative level [40–42]. Characteriz-
ing quantum and thermal fluctuation effects beyond the
mean field theory for the phase transition of an optical
lattice in the dimension crossover region thus demands
experimental studies.
In this paper, we perform experimental studies of the
finite-temperature superfluid phase transition in a trian-
gular optical lattice whose dimensionality is continuously
tuned from quasi-one dimension to two and three dimen-
sions. Atoms in lattices of different dimensionality can be
clearly distinguished from the experimentally measured
momentum distributions as probed in two orthogonal di-
rections. As shown in Fig. 1, the lattice contains a trian-
gular lattice in the xy-plane and a one-dimensional lat-
tice along z-axis. The lattice structure is determined by
the two-dimensional triangular lattice depth Vxy and the
one dimensional lattice depth Vz. When Vxy ' Vz, the
lattice is three dimensional, where we find phase transi-
tion properties agree with mean field theory predictions.
The system becomes quasi-two and one-dimensional at
Vz  Vxy, and Vz  Vxy, for both of which experi-
mental measurements are strongly deviated from mean
field theory predictions, yielding strong fluctuation ef-
fects in dimension crossover regions. Our experiment
paves a way to study novel many-body physics of di-
mension crossover lattices, where quantum and thermal
fluctuations are both dominant.
Experimental system and model description.— In our
experiment, the triangular lattice is formed by three laser
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2FIG. 1: Pictorial illustration of the experimental lattice system. (a) shows the structure of the optical lattice and the spatial
distribution of atoms. There are three laser beams in the xy-plane with λ‖ = 1064nm (red) forming a triangular pattern, and
two laser beams in the z direction with λz = 852nm (blue) providing an additional one dimensional confinement. The blue and
red arrows in the right panel of (a) represent the tunnelings tz and t||, respectively. (b-d) Schematic diagram of momentum
distribution. (b) corresponds to the three dimensional case with Vxy ' Vz. (c) corresponds to the quasi-two dimensional case
with Vxy  Vz, where the momentum interference peaks are dispersed on xˆ-yˆ plane. (d), quasi-one dimensional case with
Vxy  Vz where the interference are dispersed in zˆ direction.
beams with a wavelength λ‖ = 1064nm that intersect at
the position of Bose-Einstein condensate (BEC) in xy-
plane. For the confinement in the third direction, i.e.,
the z axis, we add a vertical optical lattice formed by the
interference of counter-propagating laser beams with a
wavelength λz = 852nm. The optical potential produced
in this setup is then given by
V (x) (1)
= −Vxy
3∑
i=1
cos(
2pi
λ‖
√
3~bi · ~x+ ∆φi) + Vz cos2(2pi
λz
z),
where we have x = (x, y, z), and ~b1 = [1, 0, 0], ~b2 =
[−1/2,√3/2, 0], and ~b3 = [−1/2,−
√
3/2, 0]. Here the
unit of potential Vxy and Vz is ER, which equals to
~k2‖
2m
with k‖ = 2piλ‖ , respectively.
Before turning on the optical lattice, we prepare BECs
of about 1.5×105 87Rb atoms in a harmonic trap and the
temperature is 50nK. The procedure details have been
provided in our earlier works [43–45]. After the prepa-
ration of BECs, we adiabatically ramp on the triangular
lattice within 80ms. Then the vertical lattice Vz is adi-
abatically turned on within 20ms. Then we hold on the
system for 10ms. The average filling of the lattice is
approximately six atoms per site. Finally, all the trap
and lattices are turned off and an absorption image is
obtained after time-of-flight. In the experiment, we can
get the absorption image from z-direction or y-direction,
which is called Probe-Z and Probe-Y, respectively.
A single-band lattice Hamiltonian is reached under
tight-banding approximation,
H =
∑
<r,r′>
[−t||bˆ†rbˆr′ +H.c.] +
∑
r
[−tz bˆ†rbˆr+ez +H.c.]
+
U
2
∑
r
bˆ†rbˆ
†
rbˆrbˆr − µ
∑
r
bˆ†rbˆr.
(2)
Here < r, r′ > represents two neighboring sites in the xy-
plane, bˆ and bˆ† the annihilation and creation operators,
tz
t ||
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FIG. 2: Parameters in the tight-binding model through exact
band structure calculation. (a) shows the hopping amplitudes
t‖, and tz obtained by fitting the tight-binding energy disper-
sion to the band structure calculation. (b) The on-site inter-
action U obtained by a field theoretical tree level estimate (see
Suppelementary Material). The “dashed” and “dash-dotted”
lines correspond to Vxy = 6ER and Vz = 3.2ER, for which the
momentum distributions are shown in Fig. 3.
U the interaction strength, µ the chemical potential. The
tunnelings in xy-plane and in the z direction are t‖ and
tz, respectively (see Fig. 1(a)). The tunnelings are de-
termined by fitting the tight-binding energy dispersion
to the band structure through exact calculations. The
model parameters as shown in Fig. 2 are highly control-
lable by tuning the lattice depths Vxy and Vz in our ex-
perimental setup.
Dimensional crossover.— Since the lattice depths
Vxy and Vz can be separately tuned in our experiment,
the dimensionality of the system is controllable. When
Vxy and Vz are comparable, the system is a regular three
dimensional lattice. In this region, mean field theory is
expected to capture the essential physics, because it is
close to the upper critical dimension of the U(1) phase
transition. When Vz is much weaker than Vxy, atoms
are then less confined in the z direction, and the sys-
tem should be treated as weakly coupled one dimen-
sional chains. The corresponding theoretical description
is coupled Luttinger liquids, the transition temperature
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FIG. 3: The superfluid to normal bose liquid transition observed in different directions. (a) Observed in the z-direction (probe-
Z), Vxy is fixed at 6ER and Vz is from 0.5ER to 9ER. (b) Observed in the y-direction (probe-Y), Vz is fixed at 3.2ER and Vxy
is from 1ER to 10ER. (c) Observed in the y-direction (probe-Y), Vxy is fixed at 6ER and Vz is from 2ER to 8ER.
is determined by the inter-chain coupling [40, 41]. In
the opposite limit, when Vxy is much weaker than Vz,
the system is formed of weakly coupled two dimensional
layers, whose physical properties rely on the comparison
between Kosterlitz Thouless transition temperature and
inter-layer couplings [42]. Then the superfluid transition
in the dimension crossover regions should be taken as
a finite-temperature phase transition rather than a zero
temperature Mott-superfluid transition.
Fig. 3 shows time-of-flight measurements of the atomic
system, which confirms our capability to control di-
mensionality from three- to dimension crossover regions.
With the Probe-Z and -Y, we measured the momentum
distribution in the xy- and zx- planes. As shown in
Fig. 3(a,c), with decreasing Vz at a fixed Vxy, tz becomes
larger, which drives a phase transition from normal to a
superfluid. In the small Vz limit, the system behaves as a
coupled array of Luttinger liquids. Fig. 3 (b) corresponds
to varying Vxy with a fixed Vz. In this case, the system
is formed of weakly coupled two dimensional systems at
small Vxy. The weakening of phase coherence with larger
Vxy is attributed to the decrease in the tunneling t‖.
Finite temperature mean field theory.— To character-
ize fluctuation and many-body correlation effects beyond
mean field theory in the dimension crossover regions, we
provide a finite temperature mean field theory to com-
pare with experimental results. Under the mean field
approximation, the density matrix of the system is given
by ρ ∝ ∏r e−βHM (r), with β the inverse temperature,
HM (r) = −teff
(
ϕbˆ†r + ϕ
∗bˆr
)
/2 + Unˆr(nˆr − 1)/2 − µnˆr,
the tunneling parameter teff = 6t‖ + 2tz, and the super-
fluid order parameter ϕ =
[
Tre−HM (r)bˆr
]
/
[
Tre−HM (r)
]
,
which is self-consistently determined. The mean field
phase diagram is solely dependent on two dimension-
less parameters, kBT/teff and U/teff , which character-
ize the strengths of thermal and quantum fluctuations.
At the zero temperature limit, an instability analysis
shows Mott-superfluid phase boundary is given by tceff =− [µ+ (1− n)U ] [µ− nU ] / [µ+ U ] , with n the filling of
the Mott state. Considering a transition with a fixed par-
ticle number, the phase boundary is further reduced to
tceff/U = 2n+1−
√
(2n+ 1)2 − 1, reproducing the previ-
ous ground state analysis for symmetric lattices [3, 4]. At
finite temperature, we rely on numerical self-consistent
calculations to compare with experimental results.
Experimental determination of finite temperature
phase diagram.— We perform experimental measure-
ments of the superfluid transition in different parameter
regions of the system corresponding to three-, quasi-one
and two dimensions. Firstly, we increase Vz with a fixed
Vxy. As shown in Fig. 3(a), we change Vz from zero
to 9ER with Vxy fixed at 6ER. The superfluid phase
transition is revealed with Probe-Z. There are several
methods to get the transition point from the absorption
images [6, 46–49]. Here we choose the visibility to de-
termine the transition point (see Supplementary Mate-
rial) [46, 49]. The visibility of the time-of-flight images
across the transition is shown in Fig. 4(a), according to
which the transition point is determined in the experi-
ment. In Fig. 4(a), the transition point is Vz = 6.7ER.
According to the finite temperature mean field theory
and the parameters in Fig. 2, we can get the superfluid
order parameters in theory, which is shown in Fig. 4(a)
by the blue line. The theoretical superfluid order param-
eters reduce to zero at Vz = 6.8ER. The experimental
measurement thus agrees quantitatively with mean field
theory prediction.
Choosing different Vxy, we can get critical strengths of
Vz for the superfluid transition as a function of Vxy. Then
we get a finite temperature phase diagram as shown in
Fig. 4(b), where the measured transition points are rep-
resented by the red squares. According to the finite tem-
perature mean field theory and the parameters obtained
in Fig. 2, we can get the phase diagram in theory. As
shown in Fig. 4(b), the blue area represents the bosonic
normal fluid phase in theory and the brown area repre-
40 3 6 9
0
1.0
0
1.0
0.5
0.5
V (E  )Rz
0
5
10
15
V   (E  )Rxy
2 6 10 14
0
1
2
Normal Bose Liquid
Superfluid
V
is
ib
il
it
y
Ω
Ω
(a) (b)
V
 (
E
  ) R
z
FIG. 4: The superfluid transition. (a), signature of the su-
perfluid transition from the visibility. The blue lines are the
superfluid order parameters calculated by mean field theory.
The red points are the visibility measured in experiment. The
in-plane lattice potential is fixed at Vxy = 6ER. Both visi-
bility and the theoretical superfluid order parameter are nor-
malized with respect to the Vz → 0 limit. (b) The superfluid
phase diagram. The blue and brown areas represent the high
temperature normal bose liquid and the superfluid phases, re-
spectively, obtained from mean field theory. The dashed line
represents the phase boundary obtained from finite tempera-
ture Gutzwiller mean field theory. The dotted line represent-
ing the zero temperature mean-field Mott-superfluid phase
boundary as a comparison. The red squares represent the
transition points measured in experiments.
sents the superfluid phase. The transition boundary at
the zero temperature limit is also shown by a black dotted
line in Fig. 4(b). For the three dimensional case, with Vxy
comparable with Vz, the measured phase transition point
agrees with the theory, whereas for the quasi-two and
one dimensional cases corresponding to Fig. 1(d) with
Vxy  Vz and Fig. 1(c) with Vxy  Vz, we find significant
deviation of the experimental measurement from mean
field theory prediction. The breakdown of mean field
theory in dimension crossover regions is due to strong
fluctuation or many-body correlation effects neglected in
the mean field theory. We characterize the fluctuation ef-
fects by the difference of measured superfluid transition
point from the theory prediction, in Vxy with fixed Vz
and in Vz with fixed Vxy for the quasi-two and quasi-one
dimensional cases, respectively. The results are shown in
Fig. 5(a). The systymatic increase of fluctuation effects
as we go from the three to one or two dimensions are
clearly revealed.
In the above discussion, the temperature of the quan-
tum gas is 50nK. We also systematically study the tem-
perature effect on the superfluid transition phase bound-
ary. The lines in Fig. 5 show the transition points for
different temperatures, 50nK, 80nK, and 110nK. For the
three temperatures, the number density of the atomic gas
remains unchanged. For these different temperatures, we
use the same method as in Fig. 4 to find the transition
points. For instance, if we fix Vxy = 6ER, the transition
points are Vz = 6.7ER, 5.1ER, and 3.2ER correspond-
ing to the temperature 50nK, 80nK and 110nK, respec-
tively. The theoretical results are shown in Fig. 5(b). At
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FIG. 5: (a) The discrepancy in the transition point by com-
parison between experimental measurements and mean field
theory prediction. In the left panel, δxy is the difference in
the critical value of Vxy between experimental measurement
and mean field theory, when Vz is fixed, which systematically
increases as we approach the two dimensional limit from the
three dimensional case. In the right panel, δz is the differ-
ence in the critical value of Vz when Vxy is fixed, which also
systematically increases as we approach the one dimensional
limit. (b) The phase diagram obtained from theory calcula-
tion and experiment. The red, green and black represent the
results of 50nK, 80nK, and 110nK, respectively. The lines are
from theory calculations and the points are from experiment.
these different temperatures, we still see the experimen-
tal agreement (disagreement) in the three dimensional
(quasi-two and one dimensional) case. The major ob-
served effect of increasing temperature is the decrease in
the critical lattice potential. The significance of strong
quantum and thermal fluctuations are revealed in the ex-
periment, which implies the dimension crossover lattices
provide a natural platform to study quantum critical be-
haviors, of fundamental interest to the understanding of
high Tc superconductivity in cuperates.
Conclusion.— To conclude, we studied the finite-
temperature superfluid transition in a three dimensional
triangular lattice, continuously tuned from three to
quasi-one and two dimensions. For the three dimensional
case, the experimentally measured superfluid transition
point is found to agree with the Gutzwiller mean field
theory prediction, whereas it strongly deviates from the
mean field theory in the reduced dimensional cases, re-
vealing strong many-body correlation effects in this opti-
cal lattice system. The strong quantum and thermal fluc-
tuation effects established in the dimension crossover re-
gions of our triangular optical lattice, suggest rich quan-
tum critical behavior worth further theoretical and ex-
perimental exploration.
5Acknowledgement. This work is supported by Na-
tional Program on Key Basic Research Project of
China (Grant No. 2016YFA0301501, Grant No.
2017YFA0304204), and National Natural Science Foun-
dation of China (Grants No.11334001, and No. 61727819,
and No. 117740067). XL also acknowledges support by
the Thousand-Youth-Talent Program of China.
[1] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).
[2] O. Dutta, M. Gajda, P. Hauke, M. Lewenstein, D.-S.
Lu¨hmann, B. A. Malomed, T. Sowin´ski, and J. Za-
krzewski, Rep. Prog. Phys. 78, 066001 (2015).
[3] M. P. A. Fisher, P. B. Weichman, G. Grinstein, and D. S.
Fisher, Phys. Rev. B 40, 546 (1989).
[4] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and
P. Zoller, Phys. Rev. Lett. 81, 3108 (1998).
[5] W. Hofstetter, J. I. Cirac, P. Zoller, E. Demler, and
M. Lukin, Phys. Rev. Lett. 89, 220407 (2002).
[6] M. Greiner, O. Mandel, T. Esslinger, T. W. Ha¨nsch, and
I. Bloch, Nature 415, 39 (2002).
[7] M. Lewenstein, A. Sanpera, V. Ahufinger, B. Damski,
A. Sen(De), and U. Sen, Adv. Phys. 56, 243 (2007).
[8] R. Jo¨rdens, N. Strohmaier, K. Gu¨nter, H. Moritz, and
T. Esslinger, Nature 455, 204 (2008).
[9] U. Schneider, L. Hackermu¨ller, S. Will, T. Best, I. Bloch,
T. Costi, R. Helmes, D. Rasch, and A. Rosch, Science
322, 1520 (2008).
[10] T. Esslinger, Ann. Rev. Cond. Matt. Phys. 1, 129 (2010).
[11] E. Zohar, J. I. Cirac, and B. Reznik, Rep. Prog. Phys.
79, 014401 (2016).
[12] X. Li and W. V. Liu, Rep. Prog. Phys. 79, 116401 (2016).
[13] A. Eckardt, Rev. Mod. Phys. 89, 011004 (2017).
[14] L. Tarruell, D. Greif, T. Uehlinger, G. Jotzu, and
T. Esslinger, Nature 483, 302 (2012).
[15] T. Uehlinger, G. Jotzu, M. Messer, D. Greif, W. Hofstet-
ter, U. Bissbort, and T. Esslinger, Phys. Rev. Lett. 111,
185307 (2013).
[16] R. A. Hart, P. M. Duarte, T.-L. Yang, X. Liu, T. Paiva,
E. Khatami, R. T. Scalettar, N. Trivedi, D. A. Huse, and
R. G. Hulet, Nature 519, 211 (2015).
[17] M. F. Parsons, A. Mazurenko, C. S. Chiu, G. Ji, D. Greif,
and M. Greiner, Science 353, 1253 (2016).
[18] A. Mazurenko, C. S. Chiu, G. Ji, M. F. Parsons,
M. Kana´sz-Nagy, R. Schmidt, F. Grusdt, E. Demler,
D. Greif, and M. Greiner, Nature 545, 462 (2017).
[19] D. Mitra, P. T. Brown, E. Guardado-Sanchez, S. S. Kon-
dov, T. Devakul, D. A. Huse, P. Schauss, and W. S.
Bakr, Nature Phys. 14, 173 (2018).
[20] M. Ko¨hl, H. Moritz, T. Sto¨ferle, C. Schori, and
T. Esslinger, J. Low Temp. Phys. 138, 635 (2005).
[21] J. Sebby-Strabley, M. Anderlini, P. Jessen, and J. V.
Porto, Phys. Rev. A 73, 033605 (2006).
[22] J. Struck, C. O¨lschla¨ger, R. Le Targat, P. Soltan-Panahi,
A. Eckardt, M. Lewenstein, P. Windpassinger, and
K. Sengstock, Science 333, 996 (2011).
[23] P. Soltan-Panahi, J. Struck, P. Hauke, A. Bick,
W. Plenkers, G. Meineke, C. Becker, P. Windpassinger,
M. Lewenstein, and K. Sengstock, Nature Phys. 7, 434
(2011).
[24] G. Wirth, M. O¨lschla¨ger, and A. Hemmerich, Nature
Phys. 7, 147 (2011).
[25] G.-B. Jo, J. Guzman, C. K. Thomas, P. Hosur, A. Vish-
wanath, and D. M. Stamper-Kurn, Phys. Rev. Lett. 108,
045305 (2012).
[26] P. Soltan-Panahi, D.-S. Lu¨hmann, J. Struck, P. Wind-
passinger, and K. Sengstock, Nature Phys. 8, 71 (2012).
[27] D.-S. Lu¨hmann, O. Ju¨rgensen, M. Weinberg, J. Simonet,
P. Soltan-Panahi, and K. Sengstock, Phys. Rev. A 90,
013614 (2014).
[28] D. S. Rokhsar and B. G. Kotliar, Phys. Rev. B 44, 10328
(1991).
[29] P. Coleman and A. J. Schofield, Nature 433, 226 EP
(2005).
[30] S. Sachdev, Nature Phys. 4, 173 (2008).
[31] J. G. Bednorz and K. A. Mu¨ller, Zeitschrift fu¨r Physik B
Condensed Matter 64, 189 (1986).
[32] X. Lu and Y. Yu, Phys. Rev. A 74, 063615 (2006).
[33] Y. Kato, Q. Zhou, N. Kawashima, and N. Trivedi, Na-
ture Phys. 4, 617 (2008).
[34] Q. Zhou and T.-L. Ho, Phys. Rev. Lett. 105, 245702
(2010).
[35] K. R. Hazzard and E. J. Mueller, Phys. Rev. A 84,
013604 (2011).
[36] W. Witczak-Krempa, E. S. Sørensen, and S. Sachdev,
Nature Phys. 10, 361 (2014).
[37] X. Zhang, C.-L. Hung, S.-K. Tung, N. Gemelke, and
C. Chin, New J. Phys. 13, 045011 (2011).
[38] X. Zhang, C.-L. Hung, S.-K. Tung, and C. Chin, Science
335, 1070 (2012).
[39] B. Yang, Y.-Y. Chen, Y.-G. Zheng, H. Sun, H.-N. Dai,
X.-W. Guan, Z.-S. Yuan, and J.-W. Pan, Phys. Rev.
Lett. 119, 165701 (2017).
[40] T. Giamarchi, Quantum physics in one dimension, Vol.
121 (Oxford university press, 2004).
[41] E. Zhao and W. V. Liu, Phys. Rev. A 78, 063605 (2008).
[42] C. Lin, X. Li, and W. V. Liu, Phys. Rev. B 83, 092501
(2011).
[43] X. Zhou, S. Jin, and J. Schmiedmayer, New J. Phys. 20,
055005 (2018).
[44] D. Hu, L. Niu, B. Yang, X. Chen, B. Wu, H. Xiong, and
X. Zhou, Phys. Rev. A 92, 043614 (2015).
[45] Z. Wang, B. Yang, D. Hu, X. Chen, H. Xiong, B. Wu,
and X. Zhou, Phys. Rev. A 94, 033624 (2016).
[46] F. Gerbier, A. Widera, S. Fo¨lling, O. Mandel, T. Gericke,
and I. Bloch, Phys. Rev. Lett. 95, 050404 (2005).
[47] W. Yi, G.-D. Lin, and L.-M. Duan, Phys. Rev. A 76,
031602 (2007).
[48] I. B. Spielman, W. D. Phillips, and J. V. Porto, Phys.
Rev. Lett. 100, 120402 (2008).
[49] C. Becker, P. Soltan-Panahi, J. Kronja¨ger, S. Do¨rscher,
K. Bongs, and K. Sengstock, New J. Phys. 12, 065025
(2010).
6Supplementary Material
Backgroud
Coherent atoms
FIG. S1: The extraction of visibility. In this absorption image, the six red areas represent the positions of the first order
momentum states. The yellow areas represent the background position at the edge of the first Brillouin zone.
S-1. VISIBILITY
The visibility can be extracted from the absorption images as shown in Fig. S1. We count the number of atoms in
the red areas, which indicates the atoms in first order momentum states, and the total number of atoms in these six
red areas is expressed as Natoms. In the contract, we also count the atoms in the yellow areas, which indicates the
incoherent atoms at the edge of the first Brillouin zone and expressed as Nbackground. Then, the visibility is given as:
V isibility =
Natoms −Nbackground
Natoms +Nbackground
. (S1)
It should be pointed out that the visibility in the main text is normalized. And the absolute value of visibility at
Vz = 0 is about 0.45.
S-2. HAMILTIONIAN
The corresponding model description for our system can be derived from the theory in continuum, with a Hamil-
tonian
H =
∫
d3x
{
φ†(x)
[
−~2 ~∇22M + V (x)− µ
]
φ(x) + gφ†φ†φφ
}
,
with φ(x) a bosonic field operator, M the atomic mass, µ the chemical potential, and g = 2pi~2as/M (as is the s-wave
scattering length) the interaction strength. We expand the field in terms of Wannier basis as φ(~x) =
∑
r w(x− r)br,
with w(x−r) the localized Wannier function, and br the associated lattice annihilation operator. A single-band lattice
Hamiltonian is then reached under tight-banding approximation,
H =
∑
<r,r′>
[−t||b†rbr′ +H.c.] +
∑
r
[−tzb†rbr+ez +H.c.]
+
U
2
∑
r
b†rb
†
rbrbr − µ
∑
r
b†rbr.
(S2)
The tunneling parameters are then calculated by fitting to the exact band structure, and the interaction U is estimated
under field theoretical tree level approximation as
U = g
∫
d3x|w(x)|4. (S3)
7S-3. MEAN FIELD ORDER PARAMETER
In the main text, we can see that when Vz is very small, the transition points are no longer reduced as the depth
Vxy becomes larger. The reason of this phenomenon is because the teff = t‖ + tz is determined by tz and remains the
same as Vxy increasing when Vz is small(see Fig. S2(a)). At the same time, as Vxy increasing, the chemical potential
µ and interaction U are increasing together, with their ratio roughly unaffected. As a consequence, for small Vz, the
order parameters will not reduce to zero as Vxy increasing.
FIG. S2: The parameters in Bose-Hubbard model for Vz = 4.5ER and 9ER. (a) The dashed lines, dash-dot lines and solid lines
represent the chemical potential µ, hopping amplitude teff and on-site interaction U , respectively. (b) The ratio of chemical
potential µ to interaction U and the order parameter for Vz = 9ER.
